Background Many physiological and/or pathological conditions lead to muscle deconditioning, a well-described phenomenon characterized by a loss of strength and muscle power mainly due to the loss of muscle mass. Fatty infiltrations, or intermuscular adipose tissue (IMAT), are currently well-recognized components of muscle deconditioning. Despite the fact that IMAT is present in healthy human skeletal muscle, its increase and accumulation are linked to muscle dysfunction. Although IMAT development has been largely attributable to inactivity, the precise mechanisms of its establishment are still poorly understood. Because the sedentary lifestyle that accompanies age-related sarcopenia may favour IMAT development, deciphering the early processes of muscle disuse is of great importance before implementing strategies to limit IMAT deposition. Methods In our study, we took advantage of the dry immersion (DI) model of severe muscle inactivity to induce rapid muscle deconditioning during a short period. During the DI, healthy adult men (n = 12; age: 32 ± 5) remained strictly immersed, in a supine position, in a controlled thermo-neutral water bath. Skeletal muscle biopsies were obtained from the vastus lateralis before and after 3 days of DI. Results We showed that DI for only 3 days was able to decrease myofiber cross-sectional areas (À10.6%). Moreover, protein expression levels of two key markers commonly used to assess IMAT, perilipin, and fatty acid binding protein 4, were upregulated. We also observed an increase in the C/EBPα and PPARγ protein expression levels, indicating an increase in late adipogenic processes leading to IMAT development. While many stem cells in the muscle environment can adopt the capacity to differentiate into adipocytes, fibro-adipogenic progenitors (FAPs) represent the population that appears to play a major role in IMAT development. In our study, we showed an increase in the protein expression of PDGFRα, the specific cell surface marker of FAPs, in response to 3 days of DI. It is well recognized that an unfavourable muscle environment drives FAPs to ectopic adiposity and/or fibrosis. Conclusions This study is the first to emphasize that during a short period of severe inactivity, muscle deconditioning is associated with IMAT development. Our study also reveals that FAPs could be the main resident muscle stem cell population implicated in ectopic adiposity development in human skeletal muscle.
Introduction
The skeletal muscle is the most abundant tissue in the human body, representing approximately 40% of the body weight and accounting for approximately 30% of the basal energy expenditure. 1 This tissue is constantly adapting due to many intrinsic and environmental stresses, highlighting its high degree of plasticity. An increase in chronic stimulation through exercise and/or nutrition can cause a positive protein balance that can further lead to muscle hypertrophy. [2] [3] [4] Conversely, a chronic decrease in mechanical constraints can lead to muscle deconditioning and atrophy. [5] [6] [7] [8] [9] [10] [11] Skeletal muscle deconditioning can be defined as primary deconditioning, in case of direct consequences of unfavourable environmental conditions, such as chronic disuse, immobilization, a microgravity environment, sedentary lifestyle, and ageing (sarcopenia), or as secondary deconditioning, in case of indirect consequences of pathological changes like cancer (cachexia), diabetes, or chronic obstructive pulmonary disease. 12 Muscle deconditioning is a well-described phenomenon characterized by a loss of strength and muscle power mainly due to the loss of muscle mass. 13, 14 However, there is now a growing body of evidence indicating that the loss of strength and power mostly exceeds the loss of muscle mass observed after inactivity or in advancing age, 12, [15] [16] [17] [18] thereby suggesting that other factors are involved. Among these factors, accumulation of fatty infiltrations, or intermuscular adipose tissue (IMAT), may play a critical role. These fat cells, located under the epimysium (between bundles of muscle fibres) and under the perimysium (between muscle fibres), represent real adipocyte clusters, i.e. ectopic fat depots that are localized outside muscle cells, and should not be confused with intramyocellular triglyceride accumulation. 19, 20 Although IMAT is naturally present in healthy human skeletal muscle, its increase and accumulation are linked to muscle dysfunction, deconditioning, and even disrupted regeneration processes. 10, 12, 19, [21] [22] [23] Accumulation of these fatty infiltrations has been observed in many conditions closely linked to muscle deconditioning: inactivity, 9 ,24,25 denervation, 26, 27 diabetes, [28] [29] [30] tenotomy 31, 32 or even sarcopenia. 12, 21, 33 In the specific context of sarcopenia, numerous studies have shown that IMAT infiltration into the mid-thigh muscle remains an independent risk factor of mobility limitations, [34] [35] [36] and IMAT level was also found to be a good predictor of clinical fracture in older adults. 37 While many stem cells within the muscle environment could potentially differentiate into adipocytes, fibroadipogenic progenitors (FAPs) currently represent the main stem cell population playing a major role in IMAT development. A study by Uezumi et al. 38 clearly showed that only progenitor cells expressing the cell surface receptor PDGFRα, representing FAPs, were able to differentiate into adipocytes after muscle injury induced by glycerol in a mouse model of regeneration. Importantly, a study by Heredia et al. 39 subsequently confirmed that after muscle injury, PDGFRα was exclusively expressed by the FAPs. Other studies have also confirmed the in vivo adipogenic potential of FAPs. 39, 40 Even though IMAT accumulation is strongly linked to many different physiological and/or pathological conditions, it seems that fatty infiltrations in muscles could be more related to the degree of inactivity. Indeed, several studies have demonstrated a negative correlation between physical activity and the amount of fatty infiltrations. 9, 12, 24, 25, 41 A study by Manini et al. 9 in healthy young adults highlighted IMAT content increases of 15% in the thighs and 20% in the calves after 4 weeks of unilateral lower limb suspension.
Interestingly, a longitudinal study by Leskinen et al. 24 also revealed that IMAT accumulation was greater in inactive cotwins compared with their active counterparts. Advancing age is often associated with reduced daily activity 42 and an interesting study by Wroblewski et al. 43 showed that old elite athletes do not exhibit any increase in IMAT amount with ageing, highlighting again inactivity as a major regulator of IMAT development. Thus, deciphering the processes of IMAT development thanks to muscle disuse models is of great importance to further make up strategies to limit it.
In recent decades, the scientific community has validated several selected cell, animal, and human experimental models for studying muscle wasting processes. Currently, ground-based models of simulated microgravity protocols contribute largely to scientific studies exploring muscle deconditioning and ageing. 5, 12 Continuous exposure to bed rest in a head-down tilt position has been one of the most used models of simulated microgravity. Studies using this model have produced and continue to generate a large amount of data concerning the effects of inactivity on healthy individuals. 15, [44] [45] [46] [47] [48] However, the dry immersion (DI) model of simulated microgravity appears to induce much quicker muscle deconditioning changes than what is observed in the head-down bed rest model. 49 The DI model involves immersing a subject in thermo-neutral water, and for a relatively short period, this model can faithfully reproduce most of the physiological effects of microgravity, including body fluid centralization, support unloading, and severe hypokinesia leading to muscle deconditioning.
49,50 Originally used and described by Shulzhenko et al., 51 muscle atrophy following DI was observed by several authors, predominantly for slow fibres, [52] [53] [54] [55] and was associated with a decrease in sarcomere protein content. 55 We previously used the DI model of muscle deconditioning, and we did not find any difference in intramuscular fat content following 3 days of DI using MRI technique. 56 However, the MRI technique used does not allow for differentiation between intra-and extra-myocellular lipids, and one can question whether the MRI technique is accurate enough to detect small changes in IMAT content. Moreover, the absence of observed increase in intramuscular fat content does not preclude changes at the cellular and molecular level for IMAT development, particularly concerning FAP commitment into the adipogenic lineage. To date, only the study by Manini et al. 9 has investigated the effects of a human ground-based model of muscle disuse on IMAT development, but no study has analysed the effects of a short period of inactivity. Moreover, the mechanisms leading to fatty infiltrations during sarcopenia or a sedentary lifestyle are poorly understood. We, therefore, took advantage of the DI model to investigate the effects of 3 days of DI on muscle IMAT development. In this study, we aimed to verify whether IMAT development starts within 3 days of DI, along with muscle deconditioning.
Material and methods

Subjects and ethics statement
Twelve healthy male subjects were selected for this experiment (age: 32 ± 5; height: 179 ± 7 cm; weight: 74.5 ± 7.2 kg; BMI: 23.5 ± 1.6). The subjects had no medical history or physical signs of neuromuscular disorders. The subjects were non-smokers and were not taking any drugs or medications. All subjects gave informed consent to the experimental procedures, which were approved by the local ethics committee (CPP Sud-Ouest outre-Mer I, France, number ID RCB: 2014-A00904-43) in accordance with the Declaration of Helsinki. All experiments were conducted at the Space Clinic of the Institute of Space Medicine and Physiology (Medes-IMPS, Rangueil Hospital) in Toulouse (France) and were sponsored by the French National Space Agency (CNES).
Overall study design
This experiment consisted of a period of DI for 3 days with a 3 day ambulatory control period before DI and a 2-day recovery period after DI. In the ambulatory and recovery periods, all subjects remained active and ambulatory, and they were asked not to exercise during the 8 days of the study. During the DI period, the subjects remained immersed in a supine position in a controlled thermo-neutral water bath (33 ± 0.5°C) continuously, ( Figure 1 ) except for daily 20 min extractions for toilet use and weighing (in bed rest position), and they were instructed not to produce any unnecessary movements with their limbs. The study was conducted in a quiet room at a stable temperature of 25°C. Each subject had a daily medical examination, and the MEDES team took several standardized measurements. For example, discomfort and psychological assessments were made via questionnaires, and body temperature was taken twice daily with a tympanic thermometer. During the 3 days of ambulatory period, the 3 days of DI and the 2 days recovery period, subjects received three solid meals/day during the study, with the requirement to finish all meals. The daily individual energy intake requirement was estimated using the World Health Organization equations by multiplying the resting metabolic rate with a physical activity level of 1.6 before and after DI and 1.3 during DI, as previously described by Arentson-Lantz et al. 48 Coffee, tea, alcohol, smoking, and drugs were prohibited throughout the experiment. Only paracetamol was allowed if needed. For more nutritional protocol details, see Demangel et al. 56 
Muscle biopsy
Skeletal muscle biopsy was performed before DI (Pre-DI, 8-13 days before DI) and during the final day of DI (Post-DI, before reambulation) from the right vastus lateralis (VL) according to a well-established method using a 5 mm Bergström biopsy needle under sterile conditions and local anaesthesia (1% lidocaine). 58 Pre-and Post-DI biopsies were obtained from the same leg, as near to each other as possible, and for each biopsy, two pieces were selected with an optical microscope for histological analyses. One piece was immediately embedded in small silicone casts filled with a cryoprotector (OCT, Sakura Finetek), immediately frozen in liquid nitrogen, and stored at À80°C until further analysis. The other piece was immediately fixed overnight in 4% paraformaldehyde solution at room temperature for 24 h and then embedded in paraffin. The remaining biopsy was rapidly frozen in liquid nitrogen and stored at À80°C for mRNA and protein content quantification.
Cryosectioning and immunohistochemistry
Transverse serial cross sections (10 μm thick) of VL samples were obtained using a cryostat maintained at À25°C. Before labelling, the sections were dried and fixed for 10 min in acetone. The sections were then washed in phosphate-buffered saline (PBS), blocked and permeabilized with 0.1% Triton-X100 and 20% horse serum. The sections were incubated with selected primary antibodies for 1 h at 37°C, followed by washes in PBS and incubation with the secondary antibody for 1 h at 37°C. The fibre sizes were analysed with ImageJ (1.46r version) software.
Paraffin-embedded histological and immunohistochemical analyses
The muscle biopsies were fixed in 4% neutral-buffered formalin (24 h) and embedded in paraffin. The paraffin-embedded tissues were sectioned (3 μm thick), and the sections were stained with haematoxylin/eosin/saffron (H/E/S). The stained slides were digitalized with a NanoZoomer slide scanner with a 40× objective (Hamamatsu). The other slides were preserved for subsequent immunohistochemical analyses. The immunohistochemistry protocol was performed as previously described. 10, 59 Briefly, the skeletal muscle sections were deparaffinized, rehydrated, and incubated for antigen retrieval in EDTA buffer at 100°C for 30 min. The sections were incubated in 0.3% H 2 O 2 for 20 min, and endogenous biotin was blocked using an Avidin-Biotin Blocking Kit (Vector Laboratories, CliniSciences). Non-specific antibody binding was blocked by incubation with TBS containing 20% normal goat serum for 30 min at RT. The sections were then incubated overnight at 4°C with anti-PDGFRα antibody diluted at 1:250 or non-specific rabbit IgG (Vector Laboratories, CliniSciences) at the same concentration. Antibody binding was revealed by the streptavidin-biotin-peroxidase complex method using an ABC Vectastain Kit and the peroxidase substrate 3,3'-Diaminobenzidine (Vector Laboratories, CliniSciences). Images were analysed with ImageJ (1.46r version) software.
mRNA extraction and real-time polymerase chain reaction (qPCR)
Total RNA was isolated from homogenized muscle samples using a miRNeasy Mini Kit according to the manufacturer's instructions (Qiagen). RNA concentration was determined by spectrophotometric analysis (Eppendorf AG, Hamburg, Germany), and integrity was checked with an Agilent 2100 bioanalyzer (Agilent Technologies) using an RNA 6000 Nano Kit according to the manufacturer's instructions. 60 Reverse transcription reaction was performed with 2 μg of total RNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) according to the manufacturer's instructions. qPCR analysis was performed in a StepOnePlus RealTime PCR System (Applied Biosystems) with 10 μL of KAPA SYBR Fast Universal Readymix (CliniSciences), 300 nM forward and reverse primers, 2 μL of diluted cDNA template and water to a final volume of 20 μL. The forward and reverse primers used to amplify genes are listed in Table 1 . All PCRs were performed in duplicate using the following cycle parameters: 20 s at 95°C, 40 cycles of 3 s at 95°C and 30 s at 60°C. The relative mRNA levels were normalized to β2-microglobulin and cyclophilin A housekeeping gene levels, which were unaffected by the experiment. The results are expressed using the comparative cycle threshold. The relative changes in the level of a specific gene were calculated with the ΔΔCT formula.
Protein isolation and Western blotting
Muscle samples were homogenized in 10 volumes of lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM egtazic acid, 1 mM EDTA, 100 mM NaF, 5 mM Na 3 VO 4 , 1% Triton X-100, 1% sodium dodecyl sulfate (SDS), 40 mM β-glycerophosphate, and protease inhibitor mixture (P8340; Sigma-Aldrich)] and centrifuged at 10 000 g for 10 min (4°C). Sixty micrograms of protein extract was loaded into Stain-Free 4-20% precast gels (4568095; Bio-Rad) before electrophoretic transfer onto nitrocellulose membranes (Bio-Rad; Trans-Blot Turbo Blotting System). After transfer, the membranes were blocked with 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween 20 (Tris-buffered saline-T) containing 5% skimmed milk or BSA and incubated overnight at 4°C with primary antibodies. The membranes were then incubated for 1 h with a peroxidase-conjugated secondary antibody. The immunoblots were revealed using a Pierce ECL kit (32106; Thermo Scientific), and proteins were visualized by enhanced chemiluminescence using the ChemiDoc Touch Imaging System and quantified with Image Lab ™ Touch Software (version 5.2.1). Stain-Free technology was used as the loading control. A large number of methodological studies have already validated this technology and explained its functioning in detail.
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Antibodies
Anti-laminin (L9393; 1:400) antibody was purchased from Sigma-Aldrich and secondary antibody Alexa Fluor 488 (A11029; 1:800) was purchased from Invitrogen. Anti-PDGFRα (#3174), anti-perilipin (#9349), anti-FABP4 (#3544) and anti-C/EBPα (#8178) primary antibodies were purchased from Cell 
Statistics
All values are expressed as the mean ± SEM, and the significance level was set at P < 0.05. Differences between Pre-DI and Post-DI were evaluated for significance using the paired Student's t-test or the Wilcoxon matched-pairs signed-rank test when the data deviated from a normal distribution (Shapiro-Wilk normality test). Statistics and graphs were made with GraphPad Prism6 Software.
Results
Dry immersion induces muscle atrophy
To validate the efficiency of DI as a muscle-deconditioning model, we first quantified the VL myofibers cross-sectional area (CSA). We observed a significant decrease in the global VL myofiber CSA, reaching 10.6% (Post-DI vs. Pre-DI, P = 0.04; Figure 2 ). The CSA before DI (Pre-DI) was 6283 μm 2 , in contrast to 5617 μm 2 at the end of the DI protocol (Post-DI). Therefore, DI rapidly promotes muscle deconditioning in VL.
Fatty infiltration markers are upregulated after 3 days of dry immersion
We aimed to verify whether IMAT development could arise concomitantly with muscle deconditioning within 3 days of DI. We thus quantified the expression of perilipin and fatty acid binding protein 4 (FABP4), the two major markers of mature adipocytes commonly used in the literature. We observed marked increases in the protein expression levels of perilipin and FABP4 after the dry immersion protocol (+80% [P = 0.03] and +40% [P = 0.048], respectively; Figure 3  a) . In addition, we analysed IMAT adipocyte CSA and found an increase Post-DI (Figure 3b) . Unfortunately, the number of subjects on which the IMAT CSA measurement could be done was too low to apply powerful statistical tools (n = 4 for Pre-DI and n = 5 for Post-DI), and this difference did not reach statistical significance (P = 0.2, Figure 3c ).
Dry immersion enhances the expression of key adipogenic transcription factors
C/EBPβ plays an important role during the early stages of adipogenic differentiation. Interestingly, we did not detect any significant differences in mRNA (À14%, P = 0.23) or protein levels (+6%, P = 0.414) of C/EBPβ after our simulated microgravity protocol (Figure 4a ). In light of our previous results regarding mature adipocyte markers, which indicated that the adipogenic process was already greatly engaged, we hypothesized that the later markers of adipogenesis would be differentially expressed. We, therefore, analysed mRNA and protein levels of PPARγ and C/EBPα. Surprisingly, no significant difference was detected for PPARγ mRNA induction Figure 2 Changes in cross-sectional area measurements after 3 days of dry immersion. Cross-sectional area (CSA) measurement of all myofibers from vastus lateralis muscle biopsies taken before (Pre-DI) and after (Post-DI) 3 days of dry immersion (DI) with representative transversal muscle sections. * P < 0.05. Short term muscle disuse promotes IMAT development (À5%, P = 0.21), whereas an increase in PPARγ protein expression (+64%, P = 0.038; Figure 4b ) was observed. Moreover, C/EBPα protein expression increased after dry immersion (+108%, P = 0.022), and we observed a similar increase in C/EBPα mRNA induction (+127%, P = 0.0006; Figure 4c ). Consistent with the results for mature adipocyte markers, the elevated expression of C/EBPα and PPARγ after 3 days of DI may also indicate an increase in the late adipogenic processes, leading to IMAT development.
Dry immersion promotes fibro-adipogenic progenitor proliferation
At least in mice, FAPs are well-known as the major muscleresident stem cells implicated in the development of IMAT.
We hypothesized that these mesenchymal stem cells, which are positive for and identified in many studies with the cell surface marker PDGFRα, were implicated in the IMAT development observed in our study. We, therefore quantified the mRNA induction and protein levels of PDGFRα after 3 days of DI. We found a minor but significant decrease in the mRNA induction of PDGFRα (À15%, P = 0.019; Figure 5a ), whereas the protein levels were clearly enhanced (+47%, P = 0.007; Figure 5a ). The change in protein levels was then confirmed by our immunohistochemical analysis (+26%, P = 0.022; Figure 5b ). Therefore, in parallel with an increase in mature adipocyte markers and C/EBPα, the increase in PDGFRα expression probably underlines FAP proliferation in response to 3 days of DI. In an unfavourable environment, these FAPs are known to drive IMAT development. 
Dry immersion does not increase the expression of fibrosis mRNA markers
FAPs are known to be able to differentiate into either adipocytes or fibroblasts. Therefore, we also quantified some key markers to evaluate the increase in extracellular matrix deposition, leading to fibrosis deposition ( Figure 6 ). We found a clear decrease in the mRNA induction of α-SMA (À60%; P = 0.0002) and connective tissue growth factor (À50%, P = 0.001) after 3 days of DI. Moreover, we did not find any differences in the mRNA induction of fibronectin (À10%, P = 0.197) and type 1α collagen (Col1a1; +104%, P = 0.148). These results may indicate that dry immersion for 3 days does not promote fibrosis development.
Discussion
Identification of cost-effective interventions to maintain muscle mass, muscle strength, and physical performance is a major public health challenge. It requires understanding the cellular, molecular, and systemic mechanisms as well as the underlying pathways involved in muscle deconditioning development. In the past decade, studies have increasingly recognized the importance of fatty infiltrations for the agemediated loss of skeletal-muscle function and emphasized that this new important factor is closely linked to inactivity. Therefore, the main objective of this study was to characterize the effects of rapid and profound inactivity on the early mechanisms of IMAT development. For that purpose, we 
Figure 6
Changes in key fibrosis markers after 3 days of dry immersion. Changes in α-smooth muscle actin, connective tissue growth factor (CTGF), fibronectin, and Col1a1 mRNA levels in vastus lateralis muscle biopsies taken before (Pre-DI) and after (Post-DI) 3 days of dry immersion (DI). *** P < 0.001.
used the innovative muscle-deconditioning model of DI model, for the first time in Europe in this experiment. Our study shows for the first time that severe inactivity for only 3 days was able to induce increased expression of the key markers of IMAT development, concomitant with muscle deconditioning. Skeletal muscle atrophy in humans has already been observed in many studies related to muscle unloading but mainly using long-duration protocols. 5, 15, [69] [70] [71] Indeed, few studies have examined the effects on muscle unloading over short periods. The study by Edgerton et al. 72 demonstrated a significant decrease in VL CSA after 11 days of real space flight (À16% for MyHCI and À36% for MyHCII). Within the specific context of DI, a decrease in the CSA of both slow and fast myofibers has already been reported after 3 days (5-9%) and 7 days (15-18%) . 49, 55 In our study, we observed a global decrease in VL myofiber CSA after only 3 days of DI (10.6%). Our results are thus in accordance with those of previous studies, demonstrating that conducting this protocol for only 3 days is able to induce muscle atrophy.
Our study was dedicated to investigating IMAT development. Fatty infiltration development is an important characteristic of muscle deconditioning and has been particularly studied in relation to ageing, obesity or inactivity. 12, 19 No study conducted in humans has examined the effects of microgravity or simulated microgravity on specific IMAT development. In a closed context, Manini et al. 9 have demonstrated that unilateral limb suspension of healthy young adults for 4 weeks was sufficient to induce a major increase in the IMAT content. Indeed, these authors found IMAT content increases of approximately 15% in the thighs and 20% in the calves of young healthy men. In our study, we found a clear increase in two key mature adipocytes markers: FABP4 and perilipin. These two markers are commonly used in the literature to evaluate IMAT deposition, 10, 38, 39, 73, 74 and their increase highlights that DI for only 3 days might induce IMAT accumulation or at least their development. These results were supported by increases in the mRNA and protein expression levels of key adipogenic markers after DI. Indeed, we found clear increases in the protein expression levels of PPARγ and C/EBPα, while only the mRNA level of C/EBPα was enhanced. PPARγ and C/EBPα are transcription factors that are required to induce adipocyte development, and their deletion in mice leads to adipocyte formation dysfunction and premature death. [75] [76] [77] [78] Taken together, these results emphasize that muscle deconditioning for only 3 days was able to promote fatty infiltration development. This result must be linked with that of St-Jean-Pelletier et al. 79 who showed that a sedentary lifestyle more than ageing per se was related to an increase in intramyocellular lipid content in type I muscle fibres. We did not study here the intramyocellular lipid content, but it will be interesting in future muscle disuse experiments to verify if it increases parallel to IMAT development. Thus, age-related IMAT and fibre-type specific intramyocellular content seem to evolve concomitantly, with physical inactivity more than aging being the discriminant factor. In the same way, because obesity is linked to sedentary lifestyle, a prior history of obesity could be responsible of large inter-individual variability in IMAT development in such models. 80 Another point raised by our study was the expected increase in the expression of PDGFRα, a key cell surface marker of FAPs. According to recent animal studies focused on IMAT development and muscle-resident stem cells, FAPs may be the main sources of IMAT during altered muscle homeostasis. [38] [39] [40] 74, 81, 82 More recent studies conducted in humans also suggest that FAPs may be the stem cell population that promotes IMAT development. [83] [84] [85] Our study is the first to show an increase in PDGFRα expression, indicative of FAP proliferation, after 3 days of DI-mediated muscle deconditioning. In this unfavourable muscular environment, FAPs may be the main source of fatty infiltration development. Indeed, numerous papers have already demonstrated that FAPs are highly influenced by their environment. For example, Uezumi et al. 38 showed that FAPs isolated from glycerol-injected muscles did not differentiate into adipocytes in CTX-injected muscles, and in contrast, those isolated from cardiotoxin-injected muscles accumulated in degenerated areas and differentiated into adipocytes in glycerol-injected muscles. Interestingly, Mozzetta et al. 81 showed that FAPs were sensitive to adipogenesis inhibition mediated by HDAC inhibitors in young mdx mice, while the same treatment was not as effective in old mdx mice. These studies clearly showed that the surrounding muscle environment largely regulates the fate of FAPs. In our study, we found increased expression of many key markers linked to mature adipocyte accumulation and adipogenesis, but we did not observe increases in fibrosis markers. These results indicate a probable increase in IMAT content in the absence of fibrosis development. Therefore, one could hypothesize that the muscledeconditioning environment created by only 3 days of DI would favour FAP proliferation and drive these cells to an adipogenic lineage instead of a fibrogenic one, thereby leading to ectopic adiposity in muscles.
One of the most striking results of our study is that if we assume that FAPs are the main source of ectopic adiposity in muscles, then PDGFRα-positive FAPs were activated and able to differentiate into mature adipocytes after only 3 days of muscle deconditioning. Classification and properties of muscle-resident progenitors, including FAPs, have not been fully characterized. Satellite cells (SCs), the most studied stem cells in skeletal muscle, are known to have different proliferation and differentiation abilities. [86] [87] [88] [89] [90] For example, Rantanen et al. 91 observed an increase in myogenin mRNA as early as 4 and 8 h after injury. Thus, in a few hours after injury, some SCs are already able to differentiate, even before the first signs of SC proliferation, which appeared only 24 h post-injury in that study. In addition, a study by Drummond et al. 92 also demonstrated an increase in myogenin protein expression 6 h after resistance exercise (generating micro lesions), whereas MyoD protein expression remained unchanged until 48 h after exercise. These studies suggested that an SCs subpopulation could differentiate immediately after muscle injury without entering into the proliferation stage, instead of the well-known proliferation and differentiation phases of the major SC populations. To reconcile our results that showed an increase in late adipogenic markers only (PPARγ and C/EBPα), one can hypothesize that similar to these SCs, FAPs may constitute a heterogeneous population and have a subset that is able to differentiate early under muscle disuse conditions.
Limitations and conclusion
It is important to note that our study was conducted in healthy and physically active adult men, and that IMAT development often associated with sarcopenia, frailty, insulin-resistance, and mobility limitations states 12, 19, 93 may respond differently to inactivity depending on the individual's gender, age, prior obesity and/or physical activity levels. 21, 79, 80, 94, 95 For example, it could be interesting and helpful to study muscle disuse induced IMAT development in individuals with a prior history of obesity compared to lean ones in order to fully understand the different mechanisms underlying these variations. This would allow one to can ask whether childhood BMI of our subjects could explain the inter-individual variations found in our study for IMAT development. Therefore, future studies are needed to investigate and understand IMAT development in selected populations.
To conclude, our study is the first to show that a short period of muscle disuse, mediated by the innovative dry immersion model, is able to induce IMAT development concomitant with muscle deconditioning. Our study also reveals that FAPs could be the resident muscle stem cell population implicated in IMAT development. Further studies are needed to explore efficient strategies to counteract this phenomenon that impairs muscle function.
